Abstract. We consider here three dark matter models with the gauge symmetry of the standard model plus an additional local U(1) D factor. One model is truly secluded and the other two models begin flipped, but end up secluded. All of these models include one dark fermion and one vector boson that gains mass via the Stueckelberg mechanism. We show that the would be flipped models provide an example dark matter composed of "almost least interacting particles" (ALIPs). Such particles are therefore compatible with the constraints obtained from both laboratory measurements and astrophysical observations.
Introduction
The existence of dark matter (DM) requires physics beyond standard model (SM). The so-called dark matter comprises approximately four fifths of the mass of the universe as manifested by its gravitational influence (e.g., [1] ). However, at the present time its other fundamental characteristics are still illusive. This is because, aside from its gravitational effects, no other definitive physical evidence of its nature has been found. In particular, severe limits on its interaction with standard model particles have been obtained in the laboratory [2] - [5] ). This dark matter could well be in hidden sectors comprised of additional particles and forces [6] . Such particles may have either minuscule or nonexistent interactions with SM particles.
Interesting models for physics beyond the SM can be constructed by considering the possibility of an extra local U(1) D symmetry in addition to the standard SM gauge symmetries. If the electric charge has a component on the new factor, the model is called "flipped" otherwise, the model is called "secluded". In both cases, the vector boson related with the U(1) D symmetry factor may gain a mass from a spontaneously symmetry breaking through a singlet scalar, and or by the Stueckelberg mechanism [7] if the vector boson couples with a conserved vector current.
These models present two possibilities. In the secluded model the dark vector does not have a projection on the photon field. Cross sections with SM particles in the laboratory are negligible, but indirect astrophysical signals of dark matter annihilation are potentially observable [8] . On the other hand, in flipped models, the dark vector boson has a component along the photon field and the electric charge operator changes with respect to its definition in the standard model. In principle, this can produce examples of milli-charged dark matter. In both cases, the vector boson related with the U(1) D symmetry factor may gain a mass from a spontaneously symmetry breaking through a singlet scalar, or by the Stueckelberg mechanism [7] if the vector boson couples with a conserved vector current.
Here we will compare and discuss the implications of three models with the gauge symmetry of the SM plus an extra local U(1) D factor with the particle content of the dark sector consisting of a Dirac fermion and a vector field, where the vector field gets mass only by the Stueckelberg mechanism. One model is the secluded model in Ref. [8] . The other models start out as"flipped" models [9, 10] but end up as secluded models after the constraint on the possible neutrino electric charge is taken into account. This is why we will refer to these models as "putative flipped models". In the secluded models the dark vector mixes in the kinetics term with the vector boson B related with the U(1) Y factor of the SM before the spontaneous electroweak symmetry breaking (SESB). In the first flipped model there is no kinetic mixing but the vector boson B gets a Stueckelberg mass after the SESB mass, besides the mass obtained by the usual Higgs mechanism. This model has been called Stueckelberg Extension of the Standard Model (StESM). In the second flipped model, a kinetics mixing is added to the StESM.
Unlike in the case of the secluded models, it has been claimed that in the flipped models the dark fermion is millicharged. However we will show here that this is not true because in those models, either the neutrinos gain an electric charge or the electric charges of the known fermions are modified. This result imposes strong constraints on the mixing angles for the neutral vector particles. For all practical purposes, this leaves only a single angle, viz., the electroweak angle θ W .
We will show that the experimental constraints on the electric charge of the neutrinos and on the measured electric charge of the electron imply that the dark fermion must be almost as neutral as the neutrino. Such bounds do not appear in the secluded model because in that model neutrinos do not gain an electric charge and the charged fermions get the correct charge, q i gs W . Thus in case of the StESM, with or without kinetics mixing, the dark sector decouples from the SM particles. Therefore, in the StESM model the dark matter fermion will not produce any observable effects in either laboratory or astrophysical settings. The StESMs are in fact examples dark matter composed of "almost least interacting particles" (ALIPs). Such particles are compatible with the constraints obtained from both laboratory measurements and astrophysical observations. The outline of the paper is as follows: In Section 2 we briefly review the secluded model. We present this model in a different way from that in [8] in order to clarify the difference between this model and the flipped models discussed in Sections 3 and 4. We consider the StESM without [9] , and with the kinetics [10] , in Sections. 3 and 4 respectively. In Section 5 we show that in fact both StESM models are examples of almost least interacting particles ("ALIPs"). A discussion of the behavior of such particles is given in Section 6. Our conclusions appear in Section 7.
Secluded Stueckelberg Model
A form of the Stueckelberg model for secluded DM was proposed in Ref. [8] . Here we briefly review rewritten the neutral interactions of model in order to compare this with the flipped models discussed in Secs. III and IV. We assume a kinetic mixing between a dark vector boson, V ′ , and the U(1) Y factor of the standard model (SM) with kinetic mixing with the V ′ occurring before spontaneous symmetry breaking being denoted by B ′ . We will denote B and V the vector fields associated with the U(1) D factor and the dark vector in the basis with diagonal kinetics terms. If we start with
making the transformation
we obtain the diagonal mixing terms:
where B ′ is given in Eq. (2.2). After including the bare term in Eq. (2.3) for the field V and the spontaneously symmetry breaking with v = 0, we obtain the mass matrix in the basis (V B W 3 ) of Ref. [8] :
where tan(2α) = 2ξs W /(1 − ξ 2 s 2 W − r). As in Eq. (2.4) we have also to use B ′ in the covariant derivative acting in the fermion sector. We first consider the lepton sector for both left-handed and righthanded leptons:
As in PDG, we parametrize the neutral currents as follows:
(2.9)
Neutrinos:
Using the same parametrization as in Eq. (2.8), (2.2) and (2.6) in (2.9), we obtain
where Q ψ denote the electric charge of the particle ψ. Only when s α = 0, neutrinos have the SM interactions with Z i.e. g ν V = g ν A = 1/2, but even in this case, they interacts with Z ′ with a strength proportional to ξ. Unlike in other models with kinetic mixing, neutrinos do not couple with the photon.
Charged Leptons:
As in the previous case we obtain that their electromagnetic interactions are as those of SM, e = gs W = g ′ c W and the neutral coupling to Z and 
In this sector we have
(2.12) From Eqs. (2.12), using Eq. (2.2) and Eq. (2.6), we obtain
The angle α is constrained by the neutral current data. However,these constraints are weaker than the astronomical observations that imply s α ≃ −4.7 × 10 −7 [8] . The Dark Fermion: Finally the neutral interactions of the dark fermion η, which has couplings as g ηη γ µ ηV µ and we have:
(2.14)
In this model the dark fermion and neutrino do not carry electric charge and that the couplings of the dark fermion with Z and Z ′ are vectorial only. The model has a free angle, α, and is possible to constraint it as it was done in Ref. [8] .
Flipped Stueckelberg model I
In this model a dark fermion and dark Stueckelberg vector boson coupled with a conserved vector current are introduced, but this time without kinetic mixing. Moreover, a Stueckelberg mass for the vector boson of SM U(1) Y factor is added. Since there is no kinetic mixing, the field B in the covariant derivative is already the field coupled with the SM fields. This field gains a Stueckelberg bare mass term. This model has been dubbed Stueckelberg extension of the standard model (StESM), and it was proposed in Ref. [9] .
When ξ = 0 (no kinetic mixing) in Eq. (2.4), and introducing a bare mass M B for the field B, we have the model of Ref. [9] in which the mass matrix of the neutral vector bosons is given by
where
We assume that the known fermions are not charged under the dark U(1) D , hence the covariant derivatives are the usual ones and the mixing with the dark sector is only through the mass matrix involving V, B, W 3 . The matrix in (3.1) is diagonalized by the following orthogonal matrix, O:
One of the angles in the matrix in (3.2) has to be, within the experimental error, equal to the weak mixing angle, θ W . Unlike the matrix in equation (2.6), in this case, V has a component along the photon field. This is a flipped model. The dark fermion and neutrinos will get an electric charge and the known charged fermion will also get a small non-standard electric charge. Explicitly . Stronger constraints come from β-decay: Q ν < 10 −21 |e| [12, 13] . In fact, in order to Q ν be compatible with the experimental upper limit on a possible neutrino electric charge then (1 − c φ ) < 2 × 10 −21 . This implies that φ ≈ 0 and M B ≈ 0. In accordance with the definition in Eq. (3.4), the angle ψ ≈ 0 is also practically zero. Hence, the model has only one angle: θ W .
We can calculate the neutral current couplings in the fermion sector using still all the angles in (3.2).
Neutrinos:
Up-quarks:
Down-quarks:
The Dark Fermion:
Notice that the dark fermion has only vector interactions. However, if we now take into account the neutrino electric charge constraint discussed above, φ = 0 in order for Q ν in equation (3.5) to be compatible with the upper experimental bound limits. Because of the relations in (3.4), ψ = 0 as well. In this situation all of the coupling constants g V , g A thus reduce to their SM values. Therefore the dark fermion couples only with Z ′ and Q η = 0. Hence there is no millicharged dark matter in the model of Ref. [9] . The B vector of the standard model cannot receive (if any) a considerable Stueckelberg bare mass.
Above we assumed that θ W = θ, another possibility used in Ref. [9] is tan θ = θ W c φ . Below we show that, in fact, tan θ = tan θ W c φ implies tan θ = tan θ W .
Let us again consider the electric charge of the known leptons in the flipped models of Sec. 3 and 4. As in the SM, the interaction of leptons with the vector W 3 and B fields are given by
where g Y is the gauge coupling of the U(1) Y factor of the SM. From (3.2) we obtain
Using equations (3.12) and (3.11) we find that the electric charge of the leptons are given by
Here we have two possibilities. a) θ = θ W and in this case we have in Eq. (3.13)
as in Eq. (3.5). Hence, as we said φ is for all practical purposes zero.
Or we can choose b) tan θ = tan θ W c φ . However, in case b) we have two possibilities: doing tan θ W c φ → tan θ in Eq. (3.13), we obtain 15) or, doing in (3.13) tan θ → tan θ W c φ we obtain In this model, as in the previous model, the experimental constraints of a possible neutrino electric charge imply that φ ≈ 0. However, the definition in Eq. (3.4) is replaced by [10] :
whereǭ = r 1 − δ (this is the parameter in the kinetics mixing in the notation of Ref. [10] ) and as in the case of the model in the previous section, when φ = 0, then ψ = 0 and the dark sector decouple from the SM particles. Thus, this model actually becomes secluded and is similar to that in Sec. 2. Thus, there is no millicharged dark matter in this case. However, in this case tan φ = 0 means, according to Eq. (4.1) that ǫ = δ and then it is possible to have a bare mass for the vector boson B but the dark sector decouple from the SM particles.
Notice that (3.15) and (3.16) are compatible with each other if, and only if, θ = θ W and c φ = 0 (or extremely small). Hence, we can from the very beginning use θ = θ W as we have done in Secs. 3 and 4.
LIPs and ALIPs
In the dark sector we can distinguish two cases of DM models that are consistent with the observational astrophysical and laboratory constraints: (1) particles that interact with the particles of the standard model only through gravitational interactions, labeled Least Interacting Particles (LIPs) [15] , and (2) particles which we call Almost LIPs (ALIPs). ALIPs interact with the particles of the standard model only by gravitational interactions, but also interact with each other through new interactions and which may have their own symmetry (see Table 1 ).
A true LIP particle is one that interacts only gravitationally. Examples of true LIPs are primordial black holes. Such particles, in order to make up the dark matter, must be stable against Hawking radiation [16] up until the present epoch. Thus their mass must be greater than 10 15 g. Astrophysical constraints on such primordial black holes are discussed in Ref. [17] and [18] .
In the models considered in Secs. 3 and 4, the dark sector consists of a massive vector boson Z ′ and a Dirac fermion η that couples to the standard model particles mainly via gravitation. In such models the fields in the dark sector can explain the matter relic density but no direct effects can be observed in astrophysical processes or in laboratory. The Kors and Nath model [9] is an ALIP model, since the angle φ is not exactly zero but rather is a small number, taken to be compatible with the upper bound of a possible neutrino electric charge. This model has no angles besides the weak angle, θ W , in the visible sector. Let us assume only that m V > m η . In the early universe Z ′ + Z ′ ↔ η +η, and Z ′ and η were in equilibrium. Then at a given later time, say t 0 , only V + V → η +η could occur and the fermion η decoupled. The rate of this reaction depends on the coupling constant g η and the masses of the fermion and vector bosons. When Γ −1 > H −1 (t 0 ), η decoupled and its number remained constant thereafter, thus accounting for the 27% of cold dark matter (CDM) observed by Planck Collaboration at present [1] .
Denoting ρ crit the critical density of the universe
where we have used h = 0.678 [19] . This shows that an ALIP with mass of 1.24 GeV per cubic meter can explain the observed relic density. The ALIP mass is constrained by the unitary limit for a Dirac fermion
which gives an upper limit on an ALIP Dirac fermion mass of ∼ 240 TeV [20] . This is in contrast to LIP particles that can much larger masses. It is important to notice the difference between the model in Sec. 2 and those in Sec. 4. In both there is a mixing in the vector kinetic terms, but as in the former, the kinetic terms are diagonalized before the spontaneous symmetry breaking (SSB). On the other hand, in the model of Sec. 4 [9, 10] , the diagonalization of the kinetic mixing is done after the SSB, M 
Small Scales
In this section we will give a brief preview about the model behavior under small scales. We have analysed the self-interacting dark matter case. For this calculation we have considered the process η + η → η + η. In principle this calculation is valid for the Flipped Stueckelberg model I and II since we leave g η as a generic coupling.
With this process we can have a good estimative of the other related processes like η +η → η +η since in this case we have the crossing symmetry.
Lets consider now the process η + η → η + η. We had taken into account the statistical factor for identical particles and made the substitution for s = 4m
and we had taken the limit of v → 0. In the Eq. (6.1) we express σ/m. This number must be in the 0.5 cm 2 /g < σ/m < 1 cm 2 /g range in order to solve the core-cusp and the too-big-to-fail problem on small scales. These limits are in agreement with the other astrophysical constraints on larger scales.
So, for these type of model we should use Eq. (6.1) to give a estimative of the crosssection over the mass. Now we consider the dwarf galaxy problem. For the central region of a typical dwarf galaxy according to Ref. [23] we should have ρ DM ∼ 0.1M ⊙ /pc 3 and v ∼ 50 km/s [24] . If we convert this constraint to units of g/m 3 and compare this number with the mass density obtained in equation (5.3) for our ALIP model, we find the required ρ DM ∼ 6.73 × 10 −18 g/m 3 is six orders of magnitude larger than the number obtained in equation (5.3) . Thus, this model cannot explain the missing satellite problem.
Conclusions
Of the three models that we have considered here, only the secluded model of Sec. 2, i.e., in Ref. [8] , may induce effects that can be observed by astronomers or in laboratory. However, recent experiments trying to observe direct effect of WIMPS, viz., XENON1T [2] , LUX [4] , and PANDA-II [5] , have not obtained any evidence for dark matter particles, with the upper limits on the spin-independent cross section reaching values as low as ∼ 10 −46 cm 2 .
[21] Astrophysical searches for dark matter (DM) annihilation into γ-rays have also been somewhat disappointing. While the γ-ray excess in the galactic center region (GCE) can have a DM annihilation interpretation (e.g., [8, 22] ), such an interpretation appears to be somewhat in conflict with upper limits from dwarf spheroidal satellite galaxies, at least if the main annihilation models are through the tt and ττ channels [25] . A strong alternate interpretation of the GCE is that it is made up of emission from point sources such as pulsars [26, 27] . Given these present negative empirical results, the possible existence of dark matter particles that mainly, or possibly only interact gravitationally with SM particles (ALIPs or LIPs) is an interesting alternative theoretical option to explore, as we have considered here. Quarks  +  +  +  +  -Charged leptons  +  +  +  --Neutrinos  +  +  ---ALIPS  +  ---+  LIPS + ---- Table 1 . Particle types and their interactions.
Particle/Interactions Gravitational weak electromagnetic strong dark interactions

